The mineralogy of geological samples is generally determined by optical microscopy or X-ray diffraction.
Introduction
Geological work invariably begins in the field, usually entailing the collection of mineral or rock samples. At this stage, most geologists will have limited instrumentation available for sample characterization: typically a hand lens to better identify individual minerals and microfossils than with the naked eye, dilute HCl to make out limestone, and possibly a compass to determine strike and dip of layered rocks. Further, in-depth studies usually require laboratory work.
The classic laboratory techniques for mineral identification in geological samples are thin section microscopy and X-ray diffraction. Thin section works out well for minerals that are transparent when ground to sufficient thinness (∼20 μm), but fails for opaque samples, for minerals occurring in particles smaller than the section thickness, e.g., clay minerals, and for samples that contain significant proportions of amorphous material, e.g., volcanic ash and glass. X-ray diffraction provides an unconditional identification of all crystalline materials, so that the mineralogy of most geological samples can be readily determined by this technique. X-ray diffraction, however, is not suited for characterizing glassy, amorphous and poorly crystalline constituents, especially if they are intermixed with well-crystallized minerals.
An example of the latter case is indicated in Fig. 1 : precipitates originating from acid rock or acid mine drainage often contain minerals of extremely poor crystallinity with particle sizes in the nanometer range such as ferrihydrite, ∼Fe 5 HO 8 ·4H 2 O, or schwertmannite, ideally Fe 8 O 8 (OH) 6 SO 4 , in coexistence with bettercrystalline minerals such as goethite, α-FeOOH, or jarosite, RFe 3 (SO 4 ) 2 (OH) 6 [1] , where R stands for potassium, sodium, hydronium and/or lead. It is obvious that identification of the former, nanoscale minerals, which have exceedingly broad and weak X-ray diffraction maxima, will be massively impeded by the presence of the better-crystalline minerals. In such cases, spectroscopic techniques can provide valuable information.
Nature seldom provides us with minerals that are pure (monomineralic), of ideal chemical composition, that have specific, desired characteristics such as particle morphology and size. Many studies concerned with physical properties of minerals are therefore carried out on analogs synthesized in the laboratory that are tailored to have the required properties (e.g. [2] ).
The following text describes the application of two spectroscopic techniques that have proven particularly useful for the characterization of minerals containing iron and titanium: 57 Fe Mössbauer and Raman spectroscopies, a nuclear and a vibrational spectroscopic technique that allow an assessment of the chemical environments of iron and titanium in the respective mineral structures.
Iron and titanium are, at ∼5.6 and 0.56 %, respectively [3] , the fourth and ninth most common elements by mass in the earth's crust, where they are also the most common transition elements. In its compounds, titanium can be di-, tri-and tetravalent. In minerals titanium is generally tetravalent, whereas iron can be di-and/or trivalent (in exceptional cases metallic). One consequence of this is that Ti 4+ imparts no magnetic moment to minerals, whereas minerals containing Fe 3+ and high-spin Fe
2+
, which have finite magnetic moments, are paramagnetic or may even be magnetically ordered.
Mössbauer spectroscopy
Mössbauer spectroscopy involves the recoil-free emission and absorption of gamma rays. Currently about 50 elements (∼80 nuclides), of which 57 Fe is the most important both from the number of publications and from the viewpoint of geology, have been observed to display the Mössbauer effect. Parameters that can be derived from Mössbauer spectra are the electric monopole interaction (leading to the isomer shift), which is directly dependent on the oxidation state, the electric quadrupole interaction (for Fe 3+ , this is a measure for It is obvious that diffraction maxima of the poorer-crystalline minerals will be "drowned" by sharp and intense peaks resulting from coexisting jarosite or goethite. Y axes not to scale. Modified from [1] .
the site distortion) and the magnetic dipole interaction (the magnetic hyperfine field acting at the Mössbauer nucleus). Depending on the local environments of the Fe atoms and the magnetic properties, 57 Fe Mössbauer spectra of iron (hydr)oxides can consist of a singlet, a doublet, or a sextet (Fig. 2) . Mössbauer spectra are generally taken by moving a radioactive gamma-ray source over a range of systematically varying velocities (thereby slightly varying the gamma-ray energy) and measuring the gamma-ray intensity resonantly absorbed by the sample as a function of the source velocity 57 Fe Mössbauer spectroscopy is an effective technique to "fingerprint" iron-bearing minerals by disclosing the oxidation state and coordination of iron (e.g. [4, 5] ), see Fig. 3 . In the favorable case of magnetically ordered minerals [usually iron (hydr)oxides, i.e., iron oxides and oxyhydroxides], 57 Fe Mössbauer spectroscopy enables an unequivocal identification of the actual mineral species to be made. On the other hand, Mössbauer parameters are rarely diagnostic for paramagnetic silicates because their polyhedral sites and distortions cover only small ranges and therefore show little variation of hyperfine parameters. The same is the case for sulphates, phosphates and related minerals.
A plethora of papers has addressed the application of Mössbauer spectroscopy in studies concerned with clays and soils (e.g. [6, 7] and references therein), many constituents of which are a priori adverse to optical microscopy because of their small particle size, and often difficult to characterize by other techniques. Isomer shift/Fe (mm/s) Quadrupole splitting (mm/s) [ [6] Fe(III) [6] Fe(II) [sq] Most Mössbauer studies on clays and soils have focused on the iron (hydr)oxide mineralogy. Work on commercial clays often involves monitoring the removal of deleterious iron (hydr)oxides in the course of processing, whereas soil studies frequently deal with the ratio of "active" ferrihydrite to the more stable oxides goethite and hematite, or goethite/hematite ratios that are of (pedo)genetic significance. Because the identification of iron (hydr)oxides by Mössbauer spectroscopy requires these to be magnetically ordered, spectra often have to be taken at temperatures well below room temperature to counter the effects of small particle size ("superparamagnetism") and/or substitution of Fe 3+ by (diamagnetic) Al
3+
.
Raman spectroscopy
Raman spectroscopy is a vibrational spectroscopic technique that entails the "inelastic" scattering of electromagnetic radiation, i.e., interactions of radiation with the scattering material that change the energy of the exciting radiation. These energy changes ("Stokes" or "anti-Stokes" shifts, resulting in a lower and higher energy than that of the exciting radiation, respectively) derive from vibrational and rotational modes in the scattering material, and are therefore material-specific. Raman spectra are plotted as the energy difference to that of the exciting radiation. In practice, the more intense -though weaker than the exciting radiation by roughly 6-7 orders of magnitude -Stokes-shifted scatter is observed. Raman shifts are typically reported in wavenumbers (inverse centimeters). Selection rules for Raman spectra require the polarizability (the "deformability" of the electron cloud) to change during the vibration or rotation. In contrast to infrared spectroscopy, water is a weak Raman scatterer, and therefore does not interfere with measurements. An inherent weakness of Raman spectroscopy, though, is that materials with low scattering cross sections (which have a direct bearing on the Raman intensity) may be difficult to identify, especially in mixtures. Thus currently few established methods exist for identifying minerals in heterogeneous samples by Raman spectroscopy, and fine-grained phases tend to occur in mixtures.
Easily polarizable atoms like titanium, however, give intensive Raman spectra. It follows that Raman spectroscopy is suitable for the identification of minor quantities of titanium-bearing minerals in samples of complex mineralogy.
An example showing the common association of anatase, TiO 2 , with kaolinite, Al 4 Si 4 O 10 (OH) 8 , in kaolins (kaolinite-rich clays) is shown in Fig. 4 . A related application involves the thermal conversion of anatase in 4 Raman spectra of anatase, TiO 2 , a Ti-poor (dotted line) and an anatase-rich kaolin (broken line). In the Ti-poor Burela sample, the intensity of the (most intense) E g anatase peak at ∼145 cm -1 is too low to be visible at this resolution, and the minor bump to the left of that peak probably results from (Al, Ti)O 6 vibrations in the kaolinite structure [8] . Modified from [9] . kaolins to rutile (a different polymorph of TiO 2 ) that is clearly apparent in Raman spectra and can serve as an internal thermometer for kaolinite breakdown [10] . A minor peak at ∼130 cm -1 , best observed in anatasepoor to anatase-free kaolins (cf. Fig. 4) , that do not display the intense anatase E g peak at ∼145 cm -1 , has been ascribed to (Al, Ti)O 6 vibrations in the kaolinite structure [8] . Figure 4 also shows, beside anatase peaks at ∼145, 199, 397, 514 and 638 cm -1 , minor peaks at ∼245, 276, 338, 432, 473, 754 and 790 cm -1 that can be ascribed to kaolinite in the studied kaolin samples [9, 11] .
"Reference shelf" and databases
Basic principles of Raman and Mössbauer spectroscopy have been outlined and Raman and Mössbauer data on selected minerals are given in a "Reference Shelf" published by the American Geophysical Union [12] , and a list of electronic Raman databases has been given by Madejová et al. [13] .
Conclusions

57
Fe Mössbauer and Raman spectroscopy are non-destructive techniques that are shown to be suitable for the characterization of the mineralogy of geological samples.
Fe Mössbauer spectroscopy is a nuclear spectroscopic technique that enables at the very least a "fingerprinting" of samples by disclosing the oxidation state and coordination of iron, whereas Raman spectra display bands that can help unravel the mineralogy of geological samples by referring to spectral databases.
Both Raman and Mössbauer spectroscopies require no sample pre-treatment (suitable experimental conditions taken for granted) and can therefore be applied to the inspection of materials that cannot -for whatever reason -be processed, such as precious stones, engineering products and works of art.
One aspect of Mössbauer and Raman spectroscopy that makes these techniques serviceable for laboratories involved in geo-scientific research is that the instruments are self-contained in their standard setups, i.e., they have their own radiation sources (typically a gamma-ray source for Mössbauer spectroscopy and a laser for Raman spectroscopy) and hence are not by necessity dependent on access to expensive and not universally available technology such as synchrotron radiation (although use of this is possible). The successful application of miniaturized Mössbauer spectroscopy for in-situ characterization of iron-bearing minerals during robotic planetary missions has been widely publicized (e.g. [14] ), plans are underway to use Raman spectroscopy as an analytical tool during space exploration [15] , and a combination of Raman and Mössbauer spectroscopies has been suggested for the identification of minerals and an estimate of mineral proportions during such missions [16] .
